The effect of surface bond-order loss on the classical resistivity of metallic polycrystalline thin films is studied. The potential barriers due to grain boundaries considered here contain square-well depressions on both sides taking into account the effect of surface bond-order loss for the grains in a film. Electron scattering by film surfaces is also considered following the lines of Fuchs' calculation. The dependence of the film resistivity on various parameters ͑such as the film thickness, averaged grain size, portion of electron undergoing specular scattering by film surfaces, Fermi energy, and the width and depth of the square-well depressions͒ is analyzed. It was found that the surface bond-order loss changes the film resistivity significantly, and the change in the film resistivity increases with increasing depth of the square-well depressions.
I. INTRODUCTION
As the physical size of modern devices goes down to nanoscale, the size effect on electrical properties becomes prominent. For example, the resistivity of a thin metallic film deviates strongly from the bulk case when its thickness approaches the length scale of electron mean free path ͑ϳ40 nm at room temperature in Au͒.
Two well known classical models on resistivity of thin films have been proposed by Fuchs and Sondheimer 1 and by Soffer.
2 These two models explain the classical size effect on the resistivity of thin films based on the surface scattering of conduction electrons. Another important model by Mayadas and Shatzkes 3, 4 takes into account the scattering of conduction electrons by grain boundaries, as well as by film surfaces. Intense research interest was focused on the question of which classical model might be most adequate to explain the experimental data. 5, 6 Kästle et al. 7 measured the temperature dependence of resistivity of thin epitaxial Au films with thickness between 2 and 70 nm. They fit the experimental data to the three classical models mentioned above and then they found that the model by Fuchs and Sondheimer is most appropriate to describe the effect of thickness on the temperature dependence of their high-quality Au films. In addition, the fit to Mayadas-Shatzkes ͑MS͒ model leads to the strongest deviations between experiment and theory, compared to the other two models.
In our opinion, the significant deviation between the MS model and experiment should be within expectation, as it is assumed that the scattering potential due to a grain boundary is in the form of Dirac delta function. 3 To be more precise, however, potential barriers which are finite in width and height should be considered for the scattering potential due to grain boundaries. Furthermore, due to the surface bondorder loss ͑SBOL͒ for each grain in the thin film, the intraatomic trapping potential in each grain sinks down near the grain surface. 8 This leads to depressions in the confinement potential well ͑in a grain͒ near the grain surface. Au-Yeung et al. 9 studied the dc transport in a nanosolid with a confinement potential well which has square-well depressions near the surface of the nanosolid. Their results showed that the depressions in the confinement potential well, induced by the SBOL, have significant effect on the dc conductance in nanosolids. This suggests that it is essential to include the effect of the SBOL for the study of the scattering of conduction electrons by grain boundaries in thin films.
In this work we modify the classical MS model for the resistivity in thin films by including the effect of the SBOL on the scattering of electrons by grain boundaries. We propose to use a certain scattering potential which has squarewell depressions on both sides of every grain boundary, and each grain boundary is modeled by a square potential barrier with finite width and height. Using Boltzmann transport theory and also taking into account the scattering of electrons by film surfaces, we derived an analytical expression for the classical resistivity in a thin metallic polycrystalline film. And following Mayadas et al. we assume that the grain size obeys the Gaussian distribution. 3, 4 There have been many experimental works on resistivity in polycrystalline thin films over the past twenty years. For example, De Vries 10 measured the resistivity of various metallic polycrystalline films. The film thicknesses are between 21 and 300 nm ͑from moderate to large values͒. He found that the temperature-dependent part of the film resistivity equals to the bulk value. This is indicative of a dominant grain boundary scattering in these films over the surface scattering. By fitting the grain-boundary scattering model ͑by Mayadas and Shatzkes͒ to the experimental data of film resistivity, the grain boundary reflection coefficient R was obtained.
To enhance the contribution of surface scattering to polycrystalline film resistivity, De Vries 11 deposited a top layer of gold film of thickness 1.5 nm on a base layer of gold film ͑whose thickness is between 18.1 and 52.4 nm͒ to increase the surface roughness. And he fitted the surface and grainboundary scattering model ͑Soffer model combined with grain boundary scattering͒ to the experimental data and obtained a value ͑0.04͒ of the surface roughness parameter r.
Fenn et al. 12 measured the electrical resistivity and temperature coefficient of resistivity of Cu and Nb thin films at 273 K over a range of thicknesses between 5.6 and 1106 nm. The experimental results have been compared with the surface and grain-boundary scattering ͑MS͒ model. The reflection coefficient R has been found to vary with the thickness of Nb films. We will fit our model to their experimental results for Nb films to determine the depression in the confinement potential well near the grain surface.
II. THEORY
As was mentioned above, we take into account the effect of the SBOL on the scattering of electrons by grain boundaries and propose a model for the scattering potential V͑x͒ due to the grain boundaries shown in Fig. 1 . In Fig. 1 , the positions of the grain boundaries are denoted by x i . The potential barriers in the proposed scattering potential are used to model the tunnel coupling between two neighboring grains, and the square-well depressions on both sides of each potential barrier are used to model the sunken part of the intra-atomic trapping potential in each grain due to the SBOL. 8 Each potential barrier together with square-well depressions on both sides can be described by a function Ṽ ͑x͒ defined by
where 2L and V 0 are the width and height of the potential barriers, and L and V the width and depth of the square-well depressions ͑see Fig. 1͒ . Following Mayadas and Shatzkes, 3, 4 we also assume that the grain boundary positions x i are distributed according to the Gaussian
where L x is the length of the thin film, s the standard deviation, and N the total number of grains in the film. The overall scattering potential V͑x͒ can be expressed as the sum of the potential barriers Ṽ ͑x − x n ͒ located at all x n 's:
To calculate the transition probability P͑k ជ , k ជ Ј͒ for an electron in state k ជ to be scattered to state k ជ Ј due to grain boundaries, we need to determine the matrix element ͗k ជ ͉V͑x͉͒k ជ Ј͘. The unperturbed states k ជ are given by
where ⍀ = L x L y L z is the volume of the film. It is straightforward to calculate the matrix element by expanding Ṽ ͑x͒ in plane waves
where f͑k͒ is the Fourier transform of Ṽ ͑x͒. Then we have
In the above expression, k x and k ជ t = ͑k y , k z ͒ are the components of k ជ in the longitudinal ͑along the film͒ and transverse direction, respectively. k x Ј and k ជ t Ј are similarly defined. The
Fourier transform f͑k͒ can be easily calculated:
The transition probability P͑k ជ , k ជ Ј͒ is given by the Fermi golden rule and is proportional to ͉͗k ជ ͉V͑x͉͒k ជ Ј͉͘ 2 . After averaging Eq. ͑5b͒ over the Gaussian distribution g͑x 1 , x 2 , ... ,x N ͒, we obtain in the limit of continuous k ជ ,
where film surfaces. 1, 2 Assuming that the scattering by point defects and phonons can be described by a relaxation time , the Boltzmann equation is given by 3, 4 −
where ⌽͑k ជ ͒ = f͑k ជ ͒ − f 0 ͑k ជ ͒ is the deviation of the distribution function f͑k ជ ͒ from its equilibrium value f 0 ͑k ជ ͒, e and the electron charge and electron energy, v x and v z the x and z components of the electron velocity, and E the electric field in the x direction, respectively. In Eq. ͑9͒, the first term is due to the size effect which causes a gradient of the distribution function in the z direction, and the third term describes the scattering of electrons by grain boundaries. Substituting Eq. ͑7͒ into Eq. ͑9͒, we obtain the effective relaxation time * which takes into account the scattering of electrons by point defects and phonons, as well as by grain boundaries:
where
It was found by experiment that k F 2 s 2 ӷ 1, 3, 4 where k F is the wave vector corresponding to Fermi energy. F͑k x ͒ can then be approximated as
Using the classical approach based on Eqs. ͑10͒, ͑11͒, and ͑8Ј͒, we can calculate the resistivity of thin films. If we ignore the size effect, then the first term in the Boltzmann equation ͑10͒ disappears. Therefore, we obtain from the equation that
Substituting Eqs. ͑12͒, ͑11͒, and ͑8Ј͒ into the classical formula of current density
we arrive at the equation for the resistivity g due to scattering of electrons by point defects, phonons, and grain boundaries:
and 0 is the resistivity in the absence of grain boundaries. Also, l 0 = v F ͑v F is the Fermi velocity͒ is the mean free path within a grain. Furthermore, E = E F / V 0 is the Fermi energy E F of the electrons expressed in units of V 0 .
Notice that g in MS model can be obtained by Eq. ͑14͒ but with a H͑t , ͒ =1+␣ / ͓cos ͑1−t
One difference between MS model and our theory is that in MS model the Fermi energy ͑E = E F / V 0 ͒, and d can be combined into a single parameter ␣. But in our theory g depends on these parameters in a complicated way, as is shown by Eq. ͑15͒.
Next, we consider the size effect on the resistivity in a thin film of thickness a based on Fuchs' approach. 1 The size effect makes the distribution function varied in the z direction resulting in the first term in Eq. ͑10͒. Fuchs assumed that a fraction p of the electrons are scattered elastically at the film surfaces ͑z = 0 and z = a͒ with reversal of the velocity component v z , while the rest are scattered diffusely with complete loss of their drift velocity. Let ⌽ ± ͑v z , z͒ be the deviation of the distribution function for v z Ͼ 0 and v z Ͻ 0, respectively. The assumption by Fuchs can be expressed as
By incorporating the boundary condition ͑16͒ into the solution of Boltzmann equation ͑10͒, we obtain
͑17͒
Substituting Eq. ͑17͒ into Eq. ͑13͒, we arrive at the formula for the total film resistivity f :
We would remark that the f in MS model can also be obtained from Eq. ͑18͒, but with a different H͑t , ͒ mentioned earlier.
III. RESULTS AND DISCUSSION
The main purpose of our study is to investigate the effect of the square-well depression V on f . We then need to compare f between the cases of zero and nonzero V . The formulas for f and g ͓Eqs. ͑14͒ and ͑18͔͒ involve many parameters such as
, and E. So we need to plot f against one parameter while keeping the others fixed at certain values. We will plot f / 0 against K 0 ͑=a / l 0 ͒ for different values of a / d ͑the ratio of the film thickness to the averaged grain size͒, V / V 0 , L ͑the width of the square-well depressions͒, p and E ͑=E F / V 0 ͒. This way of plotting is similar to that considered by Mayadas and Shatzkes, who set d = a and fixed the parameters p and R ͑depends on E͒ at certain values. In our plot, the width of the square-well depressions L is set equal to the thickness of two atomic layers ͑2 nm͒. Figure 2͑a͒ shows that f / 0 increases with decreasing K 0 ͑for fixed a / d͒ and that f / 0 increases with a / d ͑for fixed K 0 ͒. The smaller the film thickness a ͑compared to l 0 ͒ the more the electron scattering by the film surfaces contributes to f , hence f / 0 should increase as K 0 ͑=a / l 0 ͒ decreases. Also, when a is fixed and d decreases, the scattering of electrons by grain boundaries will be more frequent. Hence it is expected that f / 0 increases with a / d for fixed K 0 . From  Fig. 2͑b͒ we see that for small Fermi energy E ͑E F / V 0 ͒ such as E = 0.1, f / g is independent of the ratio a / d for fixed a. This implies that although both f and g decrease with increasing d , f / g is not affected by the averaged grain size d for any fixed a. We can understand this in the following way. At very small E F , g is very large due to very small transmission probability through the grain boundaries ͑compara-tively, the contribution to resistivity from the scattering by film surfaces is much smaller͒. In this case the difference between g and f is not sensitive to the value of d. Hence f / g is expected to be independent of d for fixed a. Next, Fig. 2͑c͒ shows that the fractional change ␦ f / f for V / V 0 = −0.136 ͑relative to the case V =0͒ is significant and can be up to 6%. This demonstrates the significant effect of the square-well depressions on the film resistivity. Figure 2͑c͒ also shows that ␦ f / f increases to a maximum when K 0 increases from small values, and then ␦ f / f drops as K 0 continues to increase. This behavior of ␦ f / f is expected.
When a ͑or K 0 ͒ decreases, the influence of the scattering by film surfaces on f is much greater than the influence of V on f . Hence ␦ f / f drops when K 0 decreases to small values.
On the other hand, when a ͑or K 0 ͒ increases to sufficiently large values, the influence of V on f becomes less, as is shown by Eq. ͑15͒. That leads to a decreasing ␦ f / f . The overall behavior of ␦ f / f for small and large K 0 leads to a maximum peak in Fig. 2͑c͒ . When we increase p ͑the fraction of electrons scattered specularly by film surfaces͒ to larger value ͑e.g., 0.5͒ in Fig.  2 , we find that f and f / g decrease ͑for fixed K 0 ͒. This is expected as there are more electrons undergoing specular scattering by film surfaces leading to smaller resistivity. We also remark that f and f / g in Fig. 2 will decrease ͑for fixed K 0 and a / d͒ if E is increased. This is because larger Fermi energy implies larger transmission probabilities for electron scattering by grain boundaries and film surfaces. Furthermore, we find that there is also a maximum peak in the plot of ␦ f / f against K 0 when we increase E ͑for instance, to 0.3͒ in Fig. 2͑c͒ . We can explain this based on the same reason as used for Fig. 2͑c͒ .
With a similar explanation given above, we anticipate that f and f / g will decrease if both E and p are increased in Fig. 2. Next, Fig. 3 shows that when E is large enough ͑e.g., E = 0.3͒, the ratio f / g becomes dependent on d for fixed a: it increases with d for fixed a. This is contrary to the case of small E ͓see Fig. 2͑b͔͒ . This can be understood easily. With large enough Fermi energy, both f and g decrease due to considerable transmission probability for the electron scattering by grain boundaries. And in this case g decreases with increasing d faster than f does since f contains other contribution from the scattering by film surfaces. Hence we expect that f / g increases with d for fixed a.
In Fig. 4 , E = 0.5 and p = 0.2. Comparing Figs. 2 and 4, we also see that f / 0 decreases as E increases. In addition, comparing Figs. 3 and 4, we find that with larger E , f / g increases for fixed a and d. The reason is that larger E causes both f and g to decrease ͑because of larger transmission probability for electron scattering by grain boundaries͒, and that f decreases to a lesser extent compared to g due to the fact that f contains other contribution from the scattering by film surfaces. One can also find a maximum peak if ␦ f / f is plotted in this case of even higher Fermi energy. We finally conclude from the plots of ␦ f / f against K 0 for various Fermi energies that the SBOL causes a significant change in f with percentage changes up to 6-9 %. So far we have only studied the effect of the SBOL on f for a fixed V / V 0 ͑=−0.136͒. In order to demonstrate how this effect on f changes with V we also plot ␦ f / f against K 0 for two different values of V / V 0 : −0.05 and −0.2 ͑see Fig. 5͒ , and with E = 0.5 and p = 0.2. Figure 5 shows that when V increases, the whole curve of ␦ f / f is shifted upward, leading to a larger maximum peak of ␦ f / f . This behavior is consistent with Eq. ͑15͒ for H͑t , ͒ which shows that the contribution of the SBOL ͑V ͒ to the resistivity increases with V .
As mentioned before, Fenn et al. 12 measured the electrical resistivity f of Nb thin films at 273 K over a range of thicknesses. Some of their experimental data are listed in Table I experimental data to extract the value of the square-well depression V / V 0 . If we set p = 0.5, L = 5 nm, and V 0 = 6 eV, there is only one fitting parameter, i.e., V / V 0 . After fitting we found that V / V 0 varies with film thickness, as is shown in Table II . We would remark again that Fenn et al. also found by fitting MS model to their experimental data of Nb film resistivity that the grain boundary reflection coefficient R varies with film thickness. Table  III showing that D decreases significantly with the thickness of Au films, as expected; and the values of D for thickness about 25 nm are close to the Au bulk value ͑185 K͒. We conclude that the modified MS also give a decreasing surface Debye temperature for thinner films.
IV. CONCLUSION
We studied the classical resistivity of metallic polycrystalline thin films based on a model of the potential barriers due to grain boundaries. Each potential barrier has squarewell depressions on both sides, taking into account the effect of surface bond-order loss for the grains in a thin film. Our model can not be directly compared to the model by Mayadas and Shatzkes where the potential barriers due to grain boundaries are in the form of Dirac delta function. We compared instead the results of the resistivity within our model between the cases with and without the square-well depressions in order to study the influence of the surface bondorder loss for the grains on the resistivity. Our numerical results show that the surface bond-order loss for the grains significantly changes the film resistivity, and the change increases with the depth of the square-well depressions. We also found that a maximum peak exists in the curve of the relative change in resistivity ␦ f / f ͑due to the presence of the square-well depressions͒ plotted against K 0 , with the peak value increases with the depth of the depressions. We fitted our model to the experimental data of gold film resistivity by Kästle et al. and found the expected significant decrease of the surface Debye temperature for thinner films. 
